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ABSTRACT: Developing water-stable and adaptive supramolecular materials is of great importance in various research fields.
Here, we demonstrate a new kind of water-stable, adaptive, and electroactive supramolecular ionic materials (SIM) that is formed
from the aqueous solutions of imidazolium-based dication and dianionic dye (i.e., 2,2′-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid), ABTS) through ionic self-assembly. The formed SIM not only shows good thermostability and unique optical and
electrochemical properties that are raised from precursors of the SIM, but also exhibits good water-stability, salt-stability, and
adaptive encapsulation properties toward some heterocyclic cationic dye molecules. UV−vis and FT-IR results demonstrate that
this encapsulation property is essentially based on the electrostatic interactions between the guest dye molecules and ABTS in the
SIM. The application of the SIM prepared here is illustrated by the development of a new electrochemical sensor for NADH
sensing at a low potential. This study not only opens a new avenue to the preparation of the supramolecular materials, but also
provides a versatile platform for electrochemical (bio)sensing.

KEYWORDS: supramolecular ionic materials, water-stable, adaptive encapsulation, electrochemistry, biosensor

■ INTRODUCTION

Over the past two decades, functional supramolecular materials
prepared with noncovalent interactions have attracted enor-
mous attention1−3 because of their unique applications in
electronics,4−6 photonics,7,8 light-energy conversion,9−11 bio-
sensing,12,13 and catalysis.14,15 Recently, supramolecular materi-
als with water-stability and adaptive encapsulation properties
have become particularly attractive especially in biosensor
development since most biological processes take place in
aqueous environments and biological molecules such as
proteins and enzymes are generally active in water. Moreover,
the ability to encapsulate functional molecules in supra-
molecular networks enables the materials to hold great promise
in tailoring and improving their functions for target-oriented
applications.16 So far, several kinds of water-stable and adaptive
materials have been developed, mainly based on metal-
coordination interactions.17−19 As a result, it is imperative to
explore other kinds of noncovalent interactions for the
development of water-stable and adaptive materials with
excellent properties.
Ionic interaction between oppositely charged species

represents one of the strongest noncovalent interactions and
has been widely used in self-assembly, typically as electrostatic

self-assembly in solid state20 and ionic self-assembly in
solution.21−23 All this work suggests that Coulombic interaction
could be used as the noncovalent interaction to form
supramolecular materials by self-assembly. While wide avail-
ability of charged species and the simplicity of their synthesis
allow the ionic interactions to be used in synthesis of various
functional materials, it remains a great challenge to utilize this
kind of interaction to develop functional supramolecular
materials with water stability and adaptive encapsulation
property. This is because, on one hand, most of the charged
species could easily dissolve in water because of the high
dielectric constant of water (ε = 78.5, at 25 °C) and thus the
electrostatic interactions become significantly weakened in
water. On the other hand, the large lattice energy in ionic
compounds essentially limits their encapsulation property. Very
recently, this interaction was utilized to create supramolecular
ionic networks and supramolecular polymers24,25 by using
multiple electrostatic bonds. This implies that ionic interaction
could potentially provide the possibility to form water-stable
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and adaptive supramolecular materials by rationally designing
the structure of the building blocks. However, such potential
has not been explored so far.
We found herein a new kind of supramolecular ionic material

(SIM) that could be readily formed in water by ionic self-
assembly from imidazolium-based dication, i.e., 1,10-bis(3-
methylimidazolium-1-yl) decane (C10(mim)2), and dianion, i.e.,
2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)
(Figure 1). The geminal imidazolium dication was selected as

the building block for preparation of supramolecular ionic
materials since symmetric dications have recently been of great
interest in a variety of applications, and the two positive charges
in the dication are favorable for formation of the supra-
molecular ionic network.24,26 Moreover, the imidazolium
dication displays unique optical properties. The formed SIM
shows good water-stability, good salt-stability, and excellent
electrochemical/optical properties. Moreover, the SIM exhibits
an adaptive encapsulation property toward some heterocyclic
cationic dye molecules during the self-assembly process. This
property was considered to originate from the electrostatic
interaction between dye molecule and ABTS. Based on this, the
electrochemical sensor for NADH was constructed by using the
present SIM. We believe that the concept demonstrated here
could provide a new approach to development of functional

materials that have excellent properties distinct from the
materials formed with metal−ligand interactions, and are thus
particularly useful in many research fields, especially biosensing
and drug delivery.

■ EXPERIMENTAL SECTION
Materials. 2, 2′-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)

(ABTS) diammonium salt, acridine orange (AO), rhodamine 6G
(Rh6G), and dihydronicotinamide adenine dinucleotide (NADH)
were purchased from Sigma-Aldrich and used as supplied. Laccase
(E.C. 1.10.3.2, from Trametes versicolor) was also purchased from
Sigma-Aldrich and purified with a method described in our earlier
work.27 Bovine serum albumin (BSA) was obtained from Proliant
(USA). Rhodamine B (RhB), and safranine T (ST), 1-methylimida-
zole, and 1,10-dibromodecane were obtained from Aladdin. Methylene
green (MG) and methylene blue (MB) were purchased from Beijing
Chemical Co. (Beijing, China). All aqueous solutions were prepared
with Milli-Q water.

Apparatus. The morphology and size of the materials were
characterized by field emission scanning electron microscopy (FE-
SEM, Hitachi S-4800, and S-4300) at an accelerating voltage of 15 kV.
Thermal gravimetric analysis (TGA) was performed on a Netzsch STA
409 PC/PG thermal analyzer. The samples were deposited in an
alumina crucible and heated in a continuous flow of nitrogen gas with
a ramp rate of 10 °C/min from room temperature to 1000 °C. Powder
X-ray diffraction (PXRD) patterns were recorded at room temperature
on a Rigaku X-ray Diffractometer (D/max-2500) with an X-ray source
of Cu Kα (λ = 1.54056 Å) at 40 kV and 200 mA. FT-IR spectra (KBr
pellet) were collected on a Tensor-27 FTIR spectrometer (Bruker). X-
ray photoelectron spectroscopy (XPS) data were obtained with an
ESCALab220i-XL electron spectrometer from VG Scientific using 300
W Al Kα radiation. The base pressure was about 3 × 10−9 mbar.
Elemental analysis was performed using a flash EA 1112 NC analyzer
from Thermo Scientific. UV−vis diffuse reflection spectroscopy (UV−
vis DRS) for solid samples and UV−vis spectra for liquid samples were
recorded by a TU-1901 spectrophotometer (Beijing Purkinje General
Instrument Co. Ltd., China). Confocal laser scanning microscopy
(CLSM) images were performed on an Olympus FV1000-IX81 CLSM

Figure 1. Chemical structures of the dication and dianion.

Figure 2. SEM images of SIM self-assembled from equimolar aqueous solutions of C10(mim)2 and ABTS dianion at different concentrations of 20
mM (A) and 500 μM (B). (C) Powder X-ray diffraction (PXRD) pattern of the as-prepared SIM. (D) FT-IR spectra of C10(mim)2 (bromide salt,
blue curve), SIM (red curve), and ABTS (ammonium salt, black curve).
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and a Leica TCS SP confocal system (Leica, Germany). Fluorescence
emission spectra were recorded by a Hitachi F-4600 fluorescence
spectrophotometer.
Synthesis of Dication C10(mim)2.

26 Typically, 11.4 g (0.038 mol)
of 1,10-dibromodecane was added dropwise into 6 mL (0.075 mol) of
1-methylimidazole in a round-bottom flask under constant stirring at
room temperature, and the reaction was maintained for 5 h. The
resulting mixture was dissolved in 50 mL of water and extracted with
25 mL of ethyl acetate three times. Water was removed using rotary
evaporator (RE 52AA) and the remaining salt was dried in a vacuum
drying oven (DZF 6020). 1H-NMR (DMSO, 400 MHz): δ ppm 9.24
(s, 2H); 7.81 (t, 2H); 7.74 (t, 2H); 4.17 (t, 4H); 3.86 (s, 6H); 1.77 (t,
4H); 1.26 (s, 12H). The hydroxide-exchanged form of C10(mim)2 was
obtained through anion exchange with bromide salts of C10(mim)2
using 717 ion-exchange resin.
Synthesis of SIM. The synthesis of SIM from C10(mim)2 dication

and ABTS dianion in water was conducted by mixing an aqueous
solution of a hydroxide-exchanged form of C10(mim)2 with equimolar
ABTS (1 mM) to produce white precipitate. The precipitate was
washed with water several times and collected by centrifugation.
Number of Dyes Encapsulated into SIM. To determine the

number of dyes encapsulated into the SIM, 0.5 mg of each dye-
encapsulated SIM was dissolved into 5 mL of ethanol/water mixture
(v/v, 50%), and the absorbance at maximal absorption for each kind of
dye was recorded. According to the Lambert−Beer law, we estimated
the content of dye by comparing the above-recorded absorbance to
that of pure dye in 50% ethanol/water mixture (5 μg/mL).
Electrochemistry. Electrochemical measurements were carried out

with a computer-controlled electrochemical analyzer (CHI 842D,
Shanghai, China) in a two-compartment and three-electrode cell.
Glassy carbon electrodes (GC, 3 mm diameter) were used as substrate
electrode to investigate the electrochemical properties and biosensing
applications of the SIM. For the electrochemical studies, pure SIM
(i.e., without MG encapsulation) or MG-encapsulated SIM was

confined onto GC electrodes by dip-coating 3 μL of pure or MG-
encapsulated SIM dispersion (1 mg/mL) onto GC electrodes, and the
electrodes were then air-dried. The SIM-based laccase electrodes were
prepared by dip-coating 4 μL of mixture consisting of laccase (2 μL,
purified), BSA (1 μL, 1%), and gluteraldehyde (1 μL, 1%) onto the
SIM-modified electrodes. For all electrochemical measurements, the
GC electrodes were used as working electrode, a platinum spiral wire
as counter electrode, and a Ag/AgCl electrode (KCl-saturated) as
reference electrode. A 0.10 M phosphate buffer was used as electrolyte.
Electrochemical measurements were conducted at room temperature.

■ RESULTS AND DISCUSSION

SIM Prepared by Self-Assembly from C10(mim)2 and
ABTS in Water. The SIM was prepared from C10(mim)2 and
ABTS in water through self-assembly and formation of
hexagonal microstructure was characterized with scanning
electron microscopy (SEM) (Figure 2A and B). The size of
the hexagonal structure ranges from several to tens of
micrometers with the thickness varying from hundreds of
nanometers to several micrometers, suggesting a nearly two-
dimensional (2D) microstructure of the ionic material. This
regular hexagonal structure could be tuned by changing the
concentration of the precursor: when a low concentration of
the precursor was used, the material preferentially formed more
regular 2D microstructures, as shown in Figure 2B. Moreover,
this hexagonal microstructure of precipitates likely results from
a preferred arrangement of the building blocks, which was
confirmed by the powder X-ray diffraction (PXRD), in which
the materials are highly crystalline (Figure 2C). The
stoichiometry of materials determined by elemental analysis
and X-ray photoelectron spectroscopy (XPS) was

Figure 3. (A) Thermal gravimetric analysis (TGA) curve of the SIM. (B) Solid fluorescence spectra of the SIM: the excitation spectrum with λem =
418 nm (dashed black curve) and the emission spectra with λex = 284 nm (red solid curve) and λex = 385 nm (blue solid curve). (C) Cyclic
voltammograms (CVs) obtained at bare (red curve) and SIM-modified (black curve) glassy carbon (GC) electrode in phosphate buffer (0.10 M, pH
6.0) at a scan rate of 100 mV s−1. (D) CVs obtained at the SIM/laccase-modified GC electrode in phosphate buffer (0.10 M, pH 6.0) saturated with
nitrogen (black curve) and oxygen (red curve). Scan rate, 100 mV s−1.
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ABTS:C10(mim)2 = 1:1 (Table S1). This value demonstrates
that the formation of hexagonal material is induced by
electrostatic interaction between oppositely charged ions.16

Moreover, after the formation of SIM, the characteristic peaks
of sulfonate in ABTS molecules28 shift from 1124, 1032, and
656 cm−1 to 1121, 1027, and 651 cm−1, respectively, while the
stretching frequency of C2−H in imidazolium29−31 shifts from
3100 and 3152 cm−1 to 3112 and 3145 cm−1, respectively
(Figure 2D). These shifts in FT-IR spectra also demonstrate
that the oppositely charged ions could be self-assembled by
strong electrostatic interaction in aqueous media.
Properties of the SIM. The as-prepared SIM shows

intrinsic properties such as thermostability and good optical/
electrochemical properties. The thermal behavior of the SIM
was investigated by TGA. As shown in Figure 3A, the SIM
starts to degrade at 356.5 °C, which is higher than for the
bromide salt of C10(mim)2 (316.5 °C) and amino salt of ABTS
(300.3 °C) (Figure S1), demonstrating that the formed SIM
bears better thermostability than the precursors. The SIM
synthesized in this study also shows good optical and
electrochemical properties, which mainly originated from the
precursors of the SIM. For example, a strong fluorescence
emission was observed at 418 nm upon excitation at 284 and
385 nm. This emission was considered to arise from the
imidazolium dications (Figure 3B).32−35 Moreover, a pair of
well-defined redox peaks at 0.51 V (vs Ag/AgCl) was observed
at the SIM modified-electrode (Figure 3C). This potential was
almost consistent with that of the ABTS precursor,
demonstrating that the as-prepared SIM keeps the electro-
chemical properties of the ABTS precursor.36 More impor-
tantly, the as-prepared SIM exhibits some distinct properties
from the traditional ionic compounds. First, since the SIM was
self-assembled from the aqueous media, it is difficult to dissolve
into water and thus shows good water-stability. Second, the
SIM exhibits strong salt-stability. Typically, when the SIM (0.8
mg) was dispersed into 500 mM KCl solution (1 mL), the
precipitate was still clearly observed (Figure S2a). After being
washed with water three times and collected by centrifugation,
the regular hexagonal microstructures of the SIM were still kept
(Figure S2b), demonstrating that as-formed SIM was quite
stable in the aqueous solution of 500 mM KCl. This feature was

remarkable since most ionic compounds are usually not very
stable in a high salt solution.
The excellent properties of the SIM prepared here make it

very promising for applications in many research fields such as
some biorelated applications. For example, although ABTS
itself has good electrochemical properties and is always
expected to be used to construct the bioanodes for enzymatic
biofuel cells, its good solubility in water essentially renders
difficulties in the development of this kind of integrated
biogenerator. In this context, the SIM with good water and salt
stability could easily be immobilized onto an electrode surface
to form an integrated bioanode after cross-linking of laccase. As
shown in Figure 3D, upon cross-linking of laccase, the SIM-
modified electrode exhibits good bioelectrocatalytic activity
toward the reduction of oxygen. This property validates the as-
prepared SIM for the development of advanced enzymatic
biofuel cells.

Adaptive Encapsulation of Dyes in SIM. To demon-
strate the adaptive encapsulation property of the SIM toward
some water-soluble dyes during the self-assembly process, we
selected six kinds of heterocyclic cationic dye molecules (i.e.,
methylene green (MG), methylene blue (MB), acridine orange
(AO), rhodamine 6G (Rh6G), rhodamine B (RhB) and
safranine T (ST)) (structural formula, see Figure 4A) as the
guest molecules. With addition of the same concentration of
each dye, adaptive encapsulation was observed for the dye
molecules of MG, MB, AO, and Rh6G from both the color
change of the precipitates (Figure 4B) and the absorption
behavior in the visible region of the UV−vis DRS spectra
(Figure 4C). We did not observe obvious encapsulation for
RhB or ST (Figure S3). Moreover, UV−vis DRS spectra of dye-
encapsulated SIMs show shifts in the absorption peaks
compared with those of pure dyes (Figure S4), indicating
that the dyes were not simply physically encapsulated into the
SIM. Furthermore, SEM images and powder X-ray diffraction
patterns reveal that both morphology and crystallization pattern
of the SIM changed after dye encapsulation (Figures S5 and
S6), probably due to interactions of the dyes and the precursors
of SIM (i.e., ABTS or C10(mim)2), which were demonstrated
below.

Figure 4. (A) Chemical structures of dyes under investigation. (B) Photographs and (C) UV−vis DRS spectra of the dye-encapsulated SIMs: (1)
MG-encapsulated SIM, (2) MB-encapsulated SIM, (3) AO-encapsulated SIM, (4) Rh6G-encapsulated SIM, and (5) pure SIM (i.e., without dye
encapsulation).
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Encapsulation of dyes into the SIM was also investigated by
confocal laser scanning microscopy (CLSM) with Rh6G as a
model dye. As displayed in Figure 5, the as-prepared pure SIM

emits a strong blue fluorescence at λex = 405 nm (a1), which
originated from the emission of imidazolium-based dication
(i.e., C10(mim)2). After Rh6G encapsulation, the as-formed
material also exhibits a strong blue fluorescence at λex = 405 nm
(b1). By contrast, the Rh6G-encapsulated SIM emits red
fluorescence at λex = 559 nm (b3), while there was no emission
for the pure SIM at λex = 559 nm (a3). A similar phenomenon
was observed for the AO-encapsulated SIM (Figure S7). All
these results demonstrate that this kind of supramolecular
material bears an adaptive encapsulation ability toward some
heterocyclic dye molecules, which creates a new avenue to the
formation of functional materials.
To investigate the mechanism for dye encapsulation, the

interaction between dyes and pure ABTS or C10(mim)2 was
studied with UV−vis and FT-IR. When ABTS was added into
the aqueous solution of each kind of dye (i.e., MG, MB, AO,
Rh6G, RhB, and ST), the UV−vis absorption of each dye
shows an obvious red shift, while the addition of C10(mim)2 did
not (Figure 6A,B). These results demonstrate that the
encapsulation capability observed above mainly originated
from the interaction between ABTS anion, rather than

C10(mim)2 cation, and the dyes. As a support, we found that
the dyes (i.e., RhB and ST) show a weaker interaction with
ABTS, as compared with the other four kinds of dyes, and thus
could not be encapsulated into the SIM (Figure 6A). The FT-
IR spectra of pure dyes and the precipitates formed from high
concentrations of ABTS and each of the four kinds of dyes also
support our speculation. Typically, after formation of the
precipitates with MB, the symmetric vibration bands of
sulfonate in ABTS show a significant shift from 1124, 1032,
and 656 cm−1 to 1121, 1028, and 650 cm−1, respectively, while
the N−CH3 stretching and CN+ vibration bands of MB37

show an obvious shift from 1178, 1141, and 1601 cm−1 to 1176,
1139, and 1600 cm−1, respectively (Figure 6C). Similar
phenomena were also observed for those of MG, Rh6G, and
AO38,39 (Figure S8a-c), suggesting that the encapsulation of
dyes into the SIM was based on the interaction (mainly
electrostatic interaction) between ABTS and the dyes. For RhB
and ST, the existence of a carboxylate group in RhB and the
substitute of a phenyl group in ST may weaken the electrostatic
interaction with ABTS, resulting in failure in the encapsulation.
The numbers of the dye molecules encapsulated into the

SIM were evaluated by dissolving the dye-encapsulated SIMs
into a 50% water/ethanol mixture and measuring the UV−
visible absorbance of the resulting mixtures. The numbers of
dye molecules encapsulated into the 100 SIM molecules were
calculated to be ca. 4 for MG, 10 for MB, 2 for AO, and 6 for
Rh6G. These numbers were much higher than those in the dye
inclusion crystal systems reported previously, in which the
crystal systems were mainly constructed of inorganic salts or
small organic molecules, and dyes included in the crystal have
no interaction with the crystal matrix.40,41 The larger numbers
obtained in our SIMs could be presumably ascribed to the
adaptive property of the SIMs for dye encapsulation. To the
best of our knowledge, there is no report on the encapsulation
property of the SIMs and this unique property endows the SIM
prepared in this study with attractive applications such as
biosensing, as demonstrated below.

Electrochemistry of MG-Encapsulated SIM and Its
Application for NADH Sensing. The water and salt stability
and the adaptive encapsulation property of the as-prepared
SIMs enable their application in various fields, especially in
(bio)sensing. Here, we used MG-encapsulated SIM as an
example to illustrate the potential applications of the dye-
encapsulated SIMs since MG possesses good electrochemical

Figure 5. (a) Confocal fluorescence (a1 and a3) and bright-field (a2)
images of pure SIM. λex = 405 nm (a1) and λex = 559 nm (a3). (b)
Confocal fluorescence (b1 and b3) and bright-field (b2) images of
Rh6G-encapsulated SIM. λex = 405 nm (b1) and λex = 559 nm (b3).

Figure 6. (A) UV−vis spectra of 25 μM aqueous solution of pure dyes (solid curves), and the mixture of 25 μM dye and 250 μM ABTS (dashed
curves). (B) UV−vis spectra of 25 μM aqueous solution of pure dyes (solid curves), and the mixture of 25 μM dye and 250 μM C10(mim)2 (dashed
curves). (C) FT-IR spectra of chlorine salts of MB (blue curve), precipitates formed by MB and ABTS (red curve), and pure ABTS (ammonium salt,
black curve).
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properties and has been widely used for fundamental
electrochemical studies and applications, such as biosensors
and biofuel cells. As shown in Figure 7A, the as-formed MG-
encapsulated SIM shows three pairs of well-defined redox peaks
at ca. −0.21 V, −0.095 V, and +0.56 V. The peaks at −0.21 V
and −0.095 V were ascribed to the redox process of the
encapsulated MG in the SIM and the wave at +0.56 V was
attributed to the electrochemical process of ABTS in the SIM.
This result demonstrated that the encapsulated MG exhibits
good electrochemical properties that were comparable to those
of MG confined on carbon materials.42 Moreover, the
electrochemical behavior of the encapsulated MG shows very
good stability. Figure 7B displays consecutive CVs obtained at
the MG-encapsulated SIM-modified GC electrode in 0.10 M
phosphate buffer (pH 7.0). The peak current did not show an
obvious change upon consecutively cycling the electrode for 50
cycles, revealing good stability of MG-encapsulated SIM on the
electrode. This property could originate from the good water
and salt stability of the SIM, which is of great importance for
the development of electrochemical (bio)sensors.
To further demonstrate the potential application of the as-

prepared SIM in (bio)sensor development, an electrochemical
sensor for NADH was constructed. Electrocatalytic oxidation
and sensing of NADH have been receiving great attention from
the viewpoint of developing dehydrogenase-based biodevices
such as biosensors and biofuel cells, since NADH is an
important coenzyme involved in more than 300 kinds of
dehydrogenase enzymatic reactions. However, the electro-
chemical oxidation of NADH at a bare electrode in a neutral
solution proceeds at a high oxidation potential (ca. +0.5 V)
because of slow electron transfer kinetics and electrode
fouling.43 Thus, oxidation of NADH at a low potential is
highly desirable for the development of NADH-based
bioelectrochemical devices. Although the use of redox-active
dyes such as MG offers an effective approach to the
electrocatalytic oxidation of NADH, the stable confinement
of these water-soluble molecules on substrate electrode remains
technically difficult.44 As demonstrated above, the MG-
encapsulated SIM prepared here could not only be stably
confined onto the electrode surface, but also will maintain the
electrochemical properties of MG. These properties well enable
the application of the SIM for the electrochemical sensing of
NADH. As depicted in Figure 7C, the MG-encapsulated SIM-

modified electrode shows a well-defined current response
toward the successive addition of NADH into the buffer with a
linear range from 20 to 160 μM at a low potential of −0.07 V.
This result demonstrates that the MG-encapsulated SIM

shows good electrocatalytic activity for NADH oxidation and
could thus be used for NADH sensing. As mentioned above,
since NADH is an important coenzyme involved in more than
300 kinds of dehydrogenase enzymatic reactions, the SIM
prepared in this study could be further used as a platform for
the development of various kinds of dehydrogenase-based
electrochemical biosensors and biofuel cells by combining with
different kinds of dehydrogenases.

■ CONCLUSION

In summary, a new kind of SIM has been prepared by self-
assembling imidazolium-based dication C10(mim)2 and ABTS
dianion in water. The SIM shows good thermo-, water-, and
salt-stability and excellent electrochemical/optical properties.
Moreover, it shows adaptive encapsulation property toward
heterocyclic dye molecules during the self-assembly process.
Although some supramolecular ionic materials based on ionic
self-assembly have been reported, the SIM demonstrated here
with good water-stability and adaptive encapsulation properties
remains unprecedented. This study introduces a new way to
prepare water-stable and adaptive materials based on ionic
interaction, which are particularly useful in many research fields
such as biosensing, drug delivery, solid electrolyte, and ionic
devices.
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